I N T RO D U C T I O N
The Scotian Shelf (SS) within the Northwest Atlantic Shelves Province (Longhurst, 1998) represents a highly productive region of the Northwest Atlantic Ocean with seasonal shelf-scale circulation. This area is influenced by the cold southward inflow of surface Labrador Sea Water and the warm northward flow of the Gulf Stream (Loder et al., 1998) . Since 1998, the Atlantic Zone Monitoring Program (AZMP) has explored climate and ecosystem changes in this region (Therriault et al., 1998) . Compared with many areas, much is known about the relationship between physical and biological factors (Sherman et al., 1996) , the phenology of phytoplankton blooms (Greenan et al., 2008; Song et al., 2011) , the annual cycle of phytoplankton abundance (Li, 1998; Li et al., 2006) and the species composition of microphytoplankton (Leterme and Pingree, 2007; Head and Pepin, 2010) .
Based on microscopy, the SS spring bloom is dominated by large phytoplankton, especially diatoms. The bloom begins when the nutrient-rich water column is thermally stabilized, supporting high levels of biomass and production in the euphotic zone. This is followed by upper euphotic zone nutrient depletion and much lower summer phytoplankton concentrations that are typically made up of mostly unidentified flagellates maintained by regenerated nutrients (Levasseur et al., 1984; Lochte et al., 1993; Longhurst, 1995; Mousseau et al., 1996) . In addition, flow cytometry (FCM) studies have highlighted the importance of Synechococcus in this region, with maximum concentrations occurring near the autumnal equinox (Li, 1998; Li and Dickie, 2001) . FCM has also revealed the year round occurrence of nanophytoplankton, nominally 2-20 mm, and photosynthetic picoeukaryotes (PPE) defined as 0.8-2.0 mm, on the SS (Li, 2009) .
PPE are phylogenetically diverse (Worden et al., 2004; Vaulot et al., 2008) , usually more abundant at latitudes greater than 308 (Buitenhuis et al, 2012) , and because they are slightly larger than Synechococcus, they can dominate in terms of standing carbon stocks (Li, 1994; Worden et al., 2004) . Many PPE and photosynthetic nanoflagellates are also mixotrophic (carry out photosynthesis and graze on other microbes). Other pico-and nano-size microbial eukaryotes are heterotrophic and since they lack chlorophyll they are not routinely counted using FCM based on auto-fluorescence from chlorophyll. In general, pico-or nanoflagellates are rarely identified in routine microscopy surveys since correct taxonomic assignation often requires examining live swimming cells or electron microscopy (Bérard-Therriault et al., 1999) . Recently, Li et al. collated the taxonomic records of plankton throughout the wider Gulf of Maine and SS region, and reported that while 386 diatom and 151 dinoflagellate species were recorded, there were only 72 taxa belonging to other marine microbial eukaryotes, with few records of heterotrophs.
Over the last two decades, molecular techniques have highlighted the diversity of marine microbial eukaryotes (Vaulot et al., 2008; Caron et al., 2012) , including cryptic species (Ellegaard et al., 2008) implying an incomplete record of taxa even in well-studied regions. In addition, environmental surveys have revealed uncultivated lineages at many taxonomic levels (López-García et al., 2001) and there has been some success linking environmental sequences to trophic function (Massana et al., 2004; Guillou et al., 2008; Yoon et al., 2011) . Overall, this has resulted in new perspectives on carbon, nutrient and energy cycles in marine systems (Steele et al., 2011) . However, despite the contribution of the SS system to our understanding of North Atlantic phytoplankton dynamics, there have been no extensive molecular surveys of marine microbial eukaryotes carried out to date .
The aim of this study was to apply cloning and Sanger sequencing of the 18S rRNA gene as a tool to identify members of the phototrophic and mixotrophic communities enumerated by FCM as well as heterotrophic microbial eukaryotes that have been little studied to date. We sampled along the Halifax Line (HL) and the Browns Bank Line (BBL), which are two AZMP transects from the Nova Scotian coast to the continental slope (Fig. 1 ). Samples were collected in April, when chlorophyll concentrations along the coast were consistent with a spring phytoplankton bloom, and in October 2009 when chlorophyll and nutrient concentrations were low in the upper mixed layer. We firstly applied FCM to document the relative contribution of PPE, Synechococcus and Prochlorococcus to picophytoplankton biomass, and to identify stations and depths to be targets for cloning and sequencing. The goal was to select samples with the potential to have different biological characteristics within the euphotic zone and uncover cryptic microbial eukaryotic diversity using molecular sequencing technology. We opted for traditional cloning and Sanger sequencing to increase the number of reference sequences from this region that, for example, could be used for future studies using high throughput sequencing. The longer sequences also have the advantage of providing a robust basis for phylogenic analysis of key planktonic groups. The targeted samples [surface and the subsurface chlorophyll maximum (SCM)] from sites with different oceanographic characteristics also provided an opportunity to investigate environmental factors that promote the occurrence of specific marine microbial eukaryote taxa or communities.
M E T H O D Study sites and general sampling
Data and water samples were collected along the Scotian Shelf in April and October 2009 in conjunction with the AZMP of the Canadian Department of Fisheries and Oceans (Johnson et al., 2012) aboard the CCGS Hudson. Additional regional and annual oceanographic context for the local and seasonal aspects of this study are given in 'The Atlantic Zone Monitoring Program report' for 2009 (Johnson et al., 2012) . Conductivity Temperature and Depth (CTD) profiles were collected from seven stations along the BBL and seven stations along the HL (Fig. 1) . In addition to the CTD data (SBE-911 CTD; Sea-Bird Inc., Bellevue, WA, USA), oxygen (Seabird Model SBE-43 dissolved oxygen sensor), in situ chlorophyll fluorescence (Chelsea Aquatracka MK III) and relative nitrate from an in situ ultraviolet spectrophotometer (ISUS; Satlantic) were acquired on the downcast. Discrete water samples were collected on the up-casts directly from 12-L Niskin bottles mounted on the Rosette. Samples for nutrients and FCM were collected every 10 m from the surface to 100 m, and at the SCM determined by the chlorophyll florescence trace on the downcast. Nutrient samples were collected directly from the Niskin bottles and immediately frozen at 2208C. Water samples (2 mL) for FCM analyses were fixed in 1% paraformaldehyde for 15 min at room temperature, then quick frozen in liquid nitrogen and stored at 2808C in cryogenic vials (Marie et al., 2005) . Samples for extracted chlorophyll a (Chl a) and DNA were collected from 3 m (surface) and the SCM. Samples for total Chl a were filtered directly onto GF/F filters (Whatman, GE Healthcare). The Chl a small fraction was pre-filtered through 3 mm pore-size polycarbonate (PC) filters (AMD Manufacturing), and then onto GF/F filters. The filters were stored at 2808C until analysis. Samples for DNA were collected from Niskin bottles into clean carboys and 6 L was sequentially filtered through a 50 mm nylon mesh, a 47 mm diameter 3 mm pore size PC filter and finally through a 0.2 mm pore size Sterivex unit (Millipore Canada Ltd, Mississauga, ON, Canada). Buffer was added to the Sterivex units (1.8 mL of 40 mM EDTA, 50 mM Tris pH 8.3 and 0.75 M sucrose) and samples were stored at 2808C until nucleic acid extraction. analysed by colorimetric techniques using a segmentedflow autoanalyzer (Technicon AutoAnalyzer II) at the Bedford Institute of Oceanography (Mitchell et al., 2002) . Filters for total Chl a (in April and October) were extracted in 90% acetone (Mitchell et al., 2002) determined by fluorescence on a Turner Design Model 10 fluorometer, before and after acidification. The small size fraction Chl a ( 3 mm) in April samples was extracted in 95% ethanol at 708C for 5 min (Nusch, 1980) and concentrations determined with a spectrofluorometer (Varian Cary Eclipse). In October, small Chl a concentrations were determined by high performance liquid chromatography (Roy et al., 1996) only from the SCM samples.
Laboratory protocols
FCM samples were run at Bedford Institute of Oceanography on a FACSort Flow cytometer (Becton Dickinson) as described in Li and Dickie (Li and Dickie, 2001) . Archaea and heterotrophic bacteria cell counts were combined since they cannot be distinguished and are referred to as bacteria. Four groups of autotrophs (cells with autofluorescence) were distinguished: Prochlorococcus, Synechococcus, PPE, nominally 0.8 -2.0 mm and nanophytoplankton (2 -20 mm). We compared PPE with picocyanobacteria in terms of average carbon content by converting cell abundances to estimated carbon biomass (C) for the three picophytoplankton categories using the suggested averaged conversion factors from Buitenhuis et al. (Buitenhuis et al., 2012) . The values used were: 36 fg C cell 21 for Prochlorococcus, 255 fg C cell 21 for Synechococcus and 2590 fg C cell 21 for PPE. DNA was extracted from cells retained in the Sterivex unit (0.2-3 mm size fraction) by a salt-extraction method (Aljanabi and Martinez, 1997) , which was modified to include lysozyme, proteinase K and SDS steps (Harding et al., 2011) . Six stations in April and four stations in October were selected for clone library construction. Surface and SCM libraries were from the two ends of transects carried out in April and October, with additional April libraries from a PPE 'patch' detected by FCM along both of the transects. Clone libraries were constructed targeting the small subunit 18S ribosomal RNA gene. The eukaryotic specific forward primer NSF 4/18 (5 0 -CTG GTT GAT YCT GCC AGT-3 0 ) (Hendriks et al., 1989) and reverse primer Euk R (5 0 -TGA TCC TTC TGC AGG TTC ACC TAC-3 0 ) (Medlin et al., 1988) were used to amplify nearly full-length eukaryote 18S rRNA genes using the iCycler TM Thermal Cycler (Bio-Rad Laboratories, Inc., CA, USA) following standard protocols (Potvin and Lovejoy, 2009 ). The inserts were amplified by PCR with vector-targeted primers M13F and M13R. Resulting PCR products, 96 per clone library, were then sequenced in both directions using the original forward and reverse primers at Service de séquençage et génotypage du Centre Hospitalier de l'Université Laval (CHUL) using an ABI 3730xl system (Applied BioSystems), which included a purification step.
Sequence and phylogenetic analyses
Reads ,600 nucleotides (nt) were discarded. The remaining forward and reverse reads were assembled using SeqMan TM II software version 5.03 (DNASTAR, Inc) with an overlap of ca. 200 nt and then checked visually using BioEdit version 7.1.3.0 (Hall, 1999) . Chimeras were detected and removed using UCHIME (Edgar et al., 2011) . Sequences were aligned using the Silva eukaryotic alignment as a template (Pruesse et al., 2007) and manually inspected. Initial taxonomic assignments at the level of !98% of similarity were carried out using Mothur v1.21.1 (Schloss, 2009 ) against our in-house curated reference database of marine eukaryotes based on NCBI taxonomy (Comeau et al., 2011) . Sequences corresponding to multicellular metazoa accounted for 11.2% of the sequences from the 20 clone libraries (104 sequences) were excluded from further analysis. Overall, we retained 824 sequences with a range of 950 -1700 nt.
In a first step, to highlighted overall diversity and differences between months, a global Maximum Likelihood (ML) tree based on the general time reversible (GTR) model was constructed using 704 sequences !1535 nt (94% of the retained sequences from above) in our data set using MEGA version 5.1 (Tamura et al., 2011) . In a second step, to investigate the taxonomic composition of eukaryotes communities and their similarities, we conducted phylogenetic diversity analyses using weighted UniFrac distances metrics (Lozupone and Knight, 2005; Lozupone et al., 2006) for clustering samples based on phylogenetic lineages, to account for the relative proportion of lineages in the different samples. UniFrac distances were calculated based on the 824 sequences and a phylogenetic tree constructed based on the Mothur/ Silva alignment using FastTree v2.1 (Price et al., 2010) in 'accurate mode' (-mlacc 2-slownni) with the GTR model. Finally, to facilitate comparisons with previous records, we constructed reference phylogenetic trees for (1) the photosynthetic eukaryotes within the Chlorophyta, stramenopiles, Haptophyta, Cryptophyta, and (2) dinoflagellates using the longer sequences. The closest match and published reference sequences were found following a basic local alignment search tool (Altschul et al., 1997) against the nr/ NCBI database. The sequences were aligned using MAFFT software version 6 with default parameters (Katoh and Toh, 2010) , and alignments were visually inspected. For photosynthetic eukaryotes, we generated ML trees based on sequence divergence estimated with Tamura 3-parameter nucleotide evolution model (Tamura, 1992) . Node support was assessed via C. R. DASILVA ET AL. j SCOTIA SHELF MARINE MICROBIAL EUKARYOTES 100 bootstrap replicates. All positions with less than 95% site coverage, meaning sequences with fewer than 5% alignment gaps, missing data or ambiguous bases at any position, were removed. All evolutionary analyses were conducted in MEGA5 (Tamura et al., 2011) . All steps were similar for the dinoflagellate phylogenetic tree construction except that the Tamura-Nei nucleotide evolution model was used (Nei and Kumar, 2000) . Non-redundant sequences from this study are available from GenBank under accession (KC488334-KC488620 and KF761280-KF761291), and clones with the same sequence are noted in Supplementary data, Table SI .
Data analysis and statistical tests
Oceanographic section data from CTD profiles, FCM analysis and contribution of picoeukaryotes to picophytoplankton carbon biomass were plotted in Ocean Data View version 4.3.10 (Schlitzer, 2002) . Species richness using Abundance-based Coverage Estimator (ACE), Chao1 and Shannon diversity indexes were calculated for April and October using Mothur (Clarke, 1993) . Matrix and SIMPER tests were performed with the Paleontological Statistics Software Package (PAST) version 2.12 (Hammer et al., 2001 ) based on relative abundance of taxa. Canonical correspondence analysis (CCA) was carried out using the Canoco for Windows package version 4.5 (Ter Braak and Smilauer, 2002) . For each CCA (April and October), we used all taxa recovered in each month but only taxa with contributions identified by the SIMPER test with !1% contribution are displayed.
R E S U LT S Environmental variables
In April, the water column was salinity stratified at ca. 50 m (Fig. 2) . The April surface waters were cold ranging from 0.8 to 4.58C with the warmer temperatures offshore. Surface salinity also increased offshore seaward ranging from 31.2 to 33.1. In contrast, the October upper ca. 50 m was thermally stratified (Fig. 2) . Surface water temperatures ranged from 9.1 to 17.28C, and salinity from 30.3 to 33.3. As in April, both temperature and salinity tended to increase offshore.
Nutrient concentrations in the surface and SCM were generally greater in April compared with October. At the stations sampled for clone library construction, April nutrient concentrations ranged from 0.6 to 3.9 mM for nitrate, 0.4 to 0.9 mM for phosphate and 0.2 to 3.0 mM for silicate. All tended to be lower in the surface (Table I) compared with the SCM. In October, nutrient concentrations ranged from 0.1 to 4.6 mM for nitrate, 0.1 to 0.6 mM for phosphate and 1.2 to 4.1 mM for silicate (Table I) . Bacteria concentrations (Table I) were greater in October (0.8 Â 10 6 to 1.8 Â 10 6 cells mL
21
) than in April (0.4 Â 10 6 to 0.9 Â 10 6 cells mL
). Total Chl a concentrations were on average greater in April than in October. In April, at the stations sampled for clone libraries, total Chl a ranged from 0.7 to 12.6 mg Chl a L 21 at the surface and 2.2 to 16.3 mg Chl a L 21 at the SCM (Table I) , the lowest values were for the offshore station HL5a. The April small fraction contribution varied between 1 and 17%, except for the offshore HL5a surface station with very low Chl a concentrations where the small fraction accounted for 70% of the total (Table I ). In October, total Chl a concentrations were substantially lower everywhere and were more similar at the two depths, with values from 0.3 to 1.2 mg Chl a L 21 (Table I ). In October, 3 mm fraction Chl a was only measured at SCM, where it represented between 25 and 75% of the total (Table I ). The lowest concentrations were offshore, especially at station HL5a (Table I) .
FCM analysis indicated that the April small Chl a fraction would have been PPE (Fig. 2, Table I ). In the upper ca. 50 m samples along both transects, the PPE represented 60-90% of the total picophytoplankton cell counts, ranging 0.6 -6.5 Â 10 3 cells mL 21 with highest concentrations at stations HL4 and BBL3 called 'patch' stations (Fig. 2) . Synechococcus concentrations were on average three-fold lower than PPE, ranging from 0.2 to 1.2 Â 10 3 cells mL 21 (Table I) . Prochlorococcus was not detected in April. In October, the picocyanobacteria were much more abundant, in the upper ca. 50 m Synechococcus dominated with concentrations between 33 and 133 Â 10 3 cells mL
, with PPE from 4 to 73 Â 10 3 cells mL
; the maximum PPE concentrations were offshore at station BBL6. Prochlorococcus was detected at both offshore stations with concentrations 9 Â 10 3 cells mL 21 in the surface and 18 Â 10 3 cells mL 21 in the SCM at station HL5a. Nanophytoplankton concentrations were relatively similar in April and October, ranging from 0.4 to 4.7 Â 10 3 cells mL 21 in the upper ca. 50 m along both transects (Table I) .
April PPE estimated carbon biomass (C) accounted for 89-99% of picophytoplankton C in the upper 50 m, and decreased below until 100 m with a minimum of 76% (Fig. 2) . In October, even when picophytoplankton cell counts were dominated by Synechococcus, PPE still accounted for 35-76% of the estimated picophytoplankton C in the upper 50 m along the HL, and at 100 m accounted for 60-91% of C. Along the Brown's Bank Line, values varied between 56 and 84% inshore and 70 and 95% of the along the continental slope and at depth (Fig. 2) .
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Clone libraries and community comparisons
Following the FCM results, with an aim to capture a range of eukaryote communities especially within the small fraction, we constructed 20 clone libraries from surface and SCM samples collected along both transects: 12 in April and 8 in October. In total screening for quality, chimeras and excluding metazoan, 497 Fig. 1 ). Picoeukaryote concentrations (Â10 3 cells mL 21 ) using FCM counts from discrete bottle samples indicated by a cross. Arrows indicate stations used for molecular analysis. "Carbon Biomass Picoeukaryotes" is the contribution of picoeukaryotes to picophytoplankton carbon expressed as percentage of total (see text). For each panel, the y-axis is the depth in metres and the x-axis is the distance in kilometres. Colour bars on the right indicate values for the variables. ); total extracted chlorophyll a (total Chl a) and percent of Chl a ,3 mm in total Chl a. Nano, flow cytometry cell count with nanophytoplankton; PPE, picoeukaryotes; SYN, Synechococcus; PRO, Prochlorococcus; Bact, bacteria; nd, no data.
JOURNAL OF PLANKTON RESEARCH j VOLUME 36 j NUMBER 2 j PAGES 344-363 j 2014 sequences in April and 327 sequenced in October were !950 nt and were classified into major eukaryotic lineages (Supplementary data, Fig. S1 ). After grouping sequences at a level of 98% similarity (Romari and Vaulot, 2004) Fig. S1 ).
Among the 824 sequences, we used 704 that were !1535 nt to provide a more accurate phylogeny for a ML tree, which also highlighted overall diversity and differences between months (Fig. 3) . The most striking difference between months was within the stramenopiles, with most diatoms, Bolido-Parmales, MAST-1 and MAST-7 taxa unique to April. Cercozoa (Rhizaria) were also more common in April. Other groups such as dinoflagellates, Telonemia, MAST-3 and the haptophytes differed between the 2 months at the subclades and lower taxonomic levels (Fig. 3) . Ciliates and Polycystinea were mostly recovered from the October clone libraries (Fig. 3) .
Eukaryote communities differed significantly between April and October ( Fig. 4 ; weighted UniFrac significance test; P 0.01) (Lozupone and Knight, 2005) . Interestingly, the April HL5a SCM clustered near the October communities. In addition, the surface patches from April (Stations: HL4 and BBL3), identified by the FCM data, clustered apart from the other spring stations. Relative Fig. 3 . Global ML phylogenetic tree using 704 nearly full-length sequences. There were a total of 1195 positions in the final data set. Clades are indicated by the number corresponding to the legend at the centre of the tree. Actual ML distances are indicated at base of the circle, while individual groups have been expanded to show diversity and colour coded by major group. (MyrR in the legend corresponds to Myrionecta rubra, a ciliate.) sequence abundance data (drawn from the sequences !950 nt in the 20 clone libraries) were used to identify which of the prevalent taxa influenced community clustering. We first tested explanatory power within the level of phylum; if differences were significant, we then tested for specific effects at finer and finer taxonomic levels just to the level of genera. The most significant taxonomic levels that identified taxa responsible for the community clustering are shown in bold in Fig. 4 . Diatoms, Cryptomonadales, choanoflagellates, Bolido-Parmales and Fungi were exclusive to April, with the Bolido-Parmales only from the patches libraries. The eight sequences affiliated to fungi matched the uncultured eukaryote clone DSGM-64 (AB275064) with 99% of similarity (Supplementary data, Table SI ). Other taxa that were more prevalent in April compared with October included Phaeocystales, MAST-7, MAST-1 and Cercozoa. Taxa that were better represented in October, but also found in April, included marine alveolate (MALV) clades I and II, Pymnesiales, Micromonas, dictyochophytes, pelagophytes, MAST-4, Polycystinea and Zygodiscales. There were several taxa unique to October; these included katablepharids (specifically Katablepharis remigera formerly Leucocryptos) and Ostreococcus. Few of the October-specific sequences were found in more than two libraries (Fig. 4) .
Phytoplankton phylogenies
The majority of Chlorophyta sequences were affiliated with Mamiellophyceae, within three of the five proposed Micromonas clades (I, III and V) based on the 18S rRNA gene (Worden et al., 2009) . Micromonas and Bathycoccus occurred both in April and October (Fig. 5) . Ostreococcus and representatives of other chlorophytes were found only in October (Fig. 5) . Among photosynthetic stramenopiles (Heterokonta), diatom sequences were assigned to the genera Minidiscus, Thalassiosira, Chaetoceros, Fragilariopsis and Pseudo-nitzschia, all of which were exclusively recovered in April. Also in April, Bolidomonas and Triparma (Bolido -Parmales) were from patch stations (Fig. 6A) . Other taxa, which were mainly but not exclusive to October libraries, had matches to Dictyochophyceae; JOURNAL OF PLANKTON RESEARCH j VOLUME 36 j NUMBER 2 j PAGES 344-363 j 2014 Florenciella, Pseudochattonella, Dictyocha, and Pedinella, and Pelagophyceae (Aureococcus) (Fig. 6A) . Among Haptophyta sequences, those matching three separate species of Phaeocystis (Phaeocystales) were recovered. While April haptophytes were mostly Phaeocystis, Chrysochromulina (Prymnesiales) were more common in October (Fig. 6B) . One sequence clustered within the Zygodiscales, with a best match was to Braarudosphaera (Fig. 6B) . Within the Cryptophyta, sequences matching the genera Rhodomonas and Hemiselmis were detected mainly in April (Fig. 6C) , while those in a clade that includes Teleaulax and Geminigera were recovered in both seasons (Fig. 6C ). Dinoflagellates were taxonomically diverse; most within the poorly resolved Gymnodiniales Peridiniales, Prorocentrales (GPP) group (Taylor et al., 2008) . Gymnodinium sensu stricto (ss) (Gómez et al., 2009) were predominant in the October libraries with other clades less specific to either month. A large proportion of the April sequences were closest to the heterotrophic Gymnodinium sp. reported by Saldarriaga et al. (Saldarriaga et al., 2004) (Fig. 7) .
Communities, environment and taxa
CCA was performed separately for April and October based on relative abundance of taxa drawn from Fig. 4 . The suite of environmental parameters (temperature, salinity, nutrients, Chl a and bacterial concentrations) explained ca. 51% of variability in April (Fig. 8A ) and ca. 53% in October (Fig. 8B) . In April, taxonomic composition of coastal and patch stations trended with total Chl a. Bacteria concentrations and taxonomic composition for the patch stations were associated with each other. The April offshore stations clustered apart from inshore stations, and physical factors including higher temperature and salinity were more important factors associated with the clustering. In contrast to April, where there was no separation between surface and SCM origin samples, the October communities from the two depths differed. Taxa from the surface stations followed salinity, while SCM communities showed little association with any environmental variable tested.
D I S C U S S I O N New records of taxa in a well-studied system
The Scotian Shelf (SS) is a relatively well-studied temperate continental shelf with a long history of observational data, but molecular surveys of the microbial eukaryotes are lacking. The use of molecular surveys has highlighted the emerging diversity of marine microbial eukaryotes (Del Campo and Massana, 2011) as well as a cryptic diversity within described species (Stoupin et al., 2012) . While we expected to recover new records of small heterotrophic taxa, which are largely uncultivated and rarely reported in microscopy surveys, it was somewhat surprising that our clone libraries revealed phytoplankton taxa that had not been reported previously. For example, we retrieved sequences with best matches to genera in the Dictyochophyceae including sequences related to Aureococccus, and Pseudochattonella, both considered to be harmful algae (Skjelbred et al., 2011; Gobler and Sunda, 2012) . The libraries constructed in April included sequences of diatom species that have been previously reported, such as Fragilariopsis cylindus, Thalassiosira aestivalis and Minidiscus trioculatus (Mather et al., 2010) , and sequences that could represent new records such as a sequence closest to Pseudo-nitzschia australis (Fig. 6A) . One cluster of four Chaetoceros sequences was clearly within the subgenus Hylochaetae but was ,95% similar to described or environmental Chaetoceros sequences in GenBank. These sequences could be due to poor representation of morphologically described species in public database or represent a novel genus level group. Small Chaetoceros are abundant in spring bloom waters and simple morphology could mask high diversity (Booth et al., 2002; Degerlund et al, 2012) . Cryptophytes are also commonly reported from the coastal Atlantic (Breton et al., 2000; Gibb et al., 2001 ), but few actual species have been identified from the more northern region with only three genera representing four species reported . In contrast, we recovered 10 species level clusters from the 2 months, including those within previously unreported genera Teleaulax and Geminigera (Fig. 6C ). This and other studies suggest that cryptophytes may be routinely under reported in microscopy studies, for example Metfies et al. (Metfies et al., 2010) working in the German Bight, investigated clade level differences in cryptophytes using a phylochip, reporting previously underappreciated seasonal and interannual changes in abundance and taxonomic affinities. Similarly, within the non-coccolithophorid haptophytes, we also found previously unreported diversity even within Phaeocystis, which were mostly found in the spring samples, with at least two other likely species in addition to P. pouchetii (Fig. 6B) . Many Phaeocystis species including P. jahnii occur as small single cells may have escaped detection in earlier studies that employed only light microscopy techniques. Other photosynthetic eukaryotes, such as Florenciellales (Edvardsen et al., 2007) and Bolido-Parmales (Ichinomiya et al., 2011) , are considered true picophytoplankton and often detected using molecular techniques but rarely by microscopy, and the potential ecological importance of these small cells has only been recognized over the last decade (Vaulot et al., 2008) . Given the close phylogenetic relatedness of cultivated bolidophytes, which are picoflagellates, and the one cultivated Parmales species (Ichinomiya et al., 2011) , it is currently not possible to know the morphology of the Bolido-Parmales found on our transects. The taxonomy of Parmales species is based on the arrangement and form of silica plates and flagella are not reported. These small siliceous cells are easily detected using scanning electron microscopy. Although these were not noted in a recent review of the Scotia Shelf and Gulf of Maine region , three Parmales species have been reported from the Gulf of St Lawrence (Bérade- Therriault et al., 1999) , with Tetraparma pelagic and Triparma strigata found in both spring and autumn samples and Triparma laevis recovered in March only.
Spring picophytoplankton
Other likely true picophytoplankton recovered in April samples were two Micromonas clades and Bathycoccus. Micromonas pusilla although currently classified as a single species is phylogenetically diverse (Slapeta et al., 2006; Worden, 2006) . We recovered two separate clades in spring, clades I and III (Fig. 5) . In the SS, Micromonas pusilla clade III included ribotypes matching the isolate CCMP 2099 which is considered an Arctic ecotype (Lovejoy et al., 2007; Balzano et al., 2012) . This ribotype was recovered at the coastal stations and the Halifax patch station, where waters are strongly influenced by the Labrador Current, which originates in the Arctic. Since this strain is normally found in waters ranging from 21.7 to 48C in the Arctic and does not grow above 108C (Lovejoy et al., 2007) , the occurrence in the SS suggests transport by Polar waters.
In April, surface Chl a concentrations at the most offshore station along the Halifax transect (HL5a, 200 km of the coast) were much lower than elsewhere. The high percentage of small fraction Chl a and higher PPE cell Fig. 8 . CCA plot using relative abundance of taxa (%) detected (A) in April and (B) in October run on CANOCO. All taxa detected were used for analysis but only taxa which were responsible to clustering between April and October with a minimum of 1% of total contribution identified by the SIMPER test are displayed. Variables are nutrients: phosphate, nitrate, silicate (mM), salinity (Sal), temperature (Temp, 8C), total chlorophyll a (Tot. Chl a, mg Chl a L 21 ) and bacteria (Â10 6 cells mL 21 ) from flow cytometry. White circles indicate surface sample and black circles indicated the SCM.
counts at HL5a and low nutrient levels indicated that the bloom had declined, at least in the surface waters. The fact that the community grouped closer to the October communities in the cluster analysis (Fig. 4) suggests that it was moving towards a summer consortium. Nutrient concentrations were also low at the HL4 patch stations, suggesting that the bloom had started offshore in warmer Atlantic waters and moved towards the coast, HL4 representing a state where nutrients were depleted but Chl a levels had not yet declined or was in equilibrium with supply. The predominance of smaller cells in these lower nutrient waters is consistent with their capacity to dominate the phytoplankton biomass under conditions when nutrients or light are limiting (Raven, 1998; Barton et al., 2010; Follows and Dutkiewicz, 2011) . The placement of the surface patch communities outside of the other April communities would be consistent with a transitional state between the spring bloom and the more summer community manifested offshore at HL5a. The lower silicate concentrations in the offshore surface samples are consistent with silicate depletion favouring non-diatom microbial eukaryotes recovered from the HL5a, with smaller diatoms still persisting in the patch BBL3 and HL4 surface clones libraries (Fig. 2) .
Autumn phytoplankton
In contrast to the spring bloom, the dynamics of the late summer and fall phytoplankton prior to the autumnal bloom has been much less studied (Mousseau et al., 1996; Green and Pershing, 2007; Friedland et al., 2008) . Nutrients were depleted at all stations in October, leading to low total Chl a levels and a high proportion of picophytoplankton detected via FCM. The photosynthetic community was numerically dominated by picocyanobacteria, mostly Synechococcus, which is usually abundant in summer and fall on the SS (Table I) (Li et al., 2006) , and unusually Prochlorococcus, which is rarely reported at latitudes .358 (Rocap et al., 2003; Li, 2009; Malmstrom et al., 2010) . The occurrence of Prochlorococcus is consistent with the unusually high offshore temperatures in October and suggests an influence of the Gulf Stream which shifts north in autumn (Kelly and Gille, 1990; Frankignoul et al., 2001) .
October picophytoplankton included Micromonas and Bathycoccus, which have been reported previously in the SS (Townsend et al., 2006) , and Ostreococcus, which was not reported previously. Ostreococcus is also favoured by warmer waters and along with Micromonas and Bathycoccus is usually thought to be more coastal, where nutrient concentrations tend to be higher . While Ostreococcus were inshore, October Micromonas and Bathycoccus were also recovered offshore. Bathycoccus was originally described from deeper Mediterranean samples and is common in the northern Atlantic Ocean (Eikrem and Throndsen, 1990) , and despite little difference in the 18S rRNA gene there are probably two distinct ecotypes (Monier et al., 2012; Vaulot et al., 2012) . However, at the 18S rRNA gene level, little variation has been reported previously and two sequences from the offshore BBL were unusual (Fig. 5) and with closest matches only 97% similar to other Mamiellophyceae is outside of known Bathycoccus diversity and may be novel.
Despite the paradigm of low nutrients favouring picocyanobacteria, eukaryotic picophytoplankton often account for a higher proportion of carbon biomass even during periods when Synechococcus concentrations are high (Li and Dickie, 2001; Li et al., 2011) including here (Fig. 2) . Generally, picocyanobacteria are reported to be favoured under low nutrient conditions compared with PPE due to their smaller size and higher surface to volume ratio (Murphy and Haugen, 1985; Shapiro and Guillard, 1986) . It was also previously thought that cyanobacteria can utilize ammonia or urea as the sole nitrogen source for their growth (Waterbury et al., 1986) and eukaryotes were better at taking up and using nitrate. However, both ammonia transporters and an active urea cycle are reported in the clade V Micromonas CCMP 490 and in many other eukaryotic marine microbes (Worden et al., 2009) . Micromonas in the CCMP 490 clade, which was only recovered in the October libraries, would have relied on recycled nutrients (ammonia and other organic N sources) offshore. In addition to being able to compete for recycled nutrients, the persistence of PPE could be aided by their slightly larger size and ability to escape grazing by bacterivores such as MAST-4, which reportedly prefers cyanobacteria (Lin et al., 2012) and was present in the same October samples. This persistence of PPE could also be explained in part by mixotrophy, and the same species would be able to persist under a broader range of nutrient and light regimes compared with strict phototrophs or heterotrophs (Hartmann et al., 2012 (Hartmann et al., , 2013 .
Among dinoflagellates, the Gymnodinium sensu stricto clade (Gómez et al., 2009 ) was recovered only in October (Fig. 7) . The known species in this clade are ultrastructurally diverse; several of the sequences from the October SS libraries were closest to Lepidodinium spp., which have green algal-derived chloroplasts and other sequences grouped with the peridinin containing dinoflagellate Gymnodinium aureolum. These species are mixotrophic and feed on nanoflagellates using a peduncle (Hansen, 2001; Hansen et al., 2007; Jeong et al., 2010) . A recent report that mixotrophs, graze at higher rates under warmer conditions (Wilken et al., 2013) , would suggest that these species could be highly dependent on grazing in October C. R. DASILVA ET AL. j SCOTIA SHELF MARINE MICROBIAL EUKARYOTES when temperatures were higher and inorganic nutrients at low concentrations. All other dinoflagellate taxa were found in both October and April, and belonged to diverse clades. Interestingly, the majority of these dinoflagellates are also reported to be mixotrophic (Hansen, 2011) , and their presence in both April and October suggests a greater tolerance to lower temperatures in April compared with the Gymnodinium sensu stricto clade.
Heterotrophic microbial eukaryotes
Microscopy studies where phototrophic and heterotrophic flagellates have been distinguished often report that heterotrophic flagellates account for a significant proportion of the microbial eukaryotic biomass Sherr, 2002, 2009) . As well, the majority of 18S rRNA gene surveys of marine microbial eukaryotes are dominated by putative heterotrophs (Vaulot et al., 2008) . In April along with choanoflagellates (King et al., 2009) were Cercozoa highlighting a dominant role for bacterivores during spring, at a time of high release of dissolved organic material (Piwosz and Pernthaler, 2010; Anderson et al., 2013) . However, the majority of April taxa assigned to heterotrophic groups belonged to two clades of uncultivated marine stramenopiles (Massana et al., 2004) ; MAST-7 and MAST-1. Other heterotrophs, notably Telonemia and Picozoa, were recovered almost equally in April and October (Fig. 3) . Telonemia consists of multiple clades and is widely distributed with records both from microscopy and clone libraries (Brate et al., 2010) . Monier et al. (Monier et al., 2013) found that particular ribotypes of Telonemia likely bloomed under specific but unresolved conditions. We found one dominant clade in the April samples, with more diversity in October, but there was not strong segregation of different clades by season. Picozoa, previously known as 'picobiliphytes' (Seenivasan et al., 2013) , lack a plastid and may feed on colloids. Picozoa are commonly recovered in 18S rRNA gene surveys and single cell genomes from off the coast of Maine (Yoon et al., 2011) suggest that some of them may also form close associations with bacteria and viruses. Fungi are rarely reported from microscopy studies, but tend to be persistently recovered at low frequencies using molecular techniques (Lovejoy, unpublished data) . They are likely important at times in oceanic carbon and energy cycles, but detailed studies are lacking (Wang et al., 2012) . The fungal sequences from April were 99% similar to an environmental clone recovered from a deep sea methane seep (Takishita et al., 2007) . Our phylogenetic analysis puts this clone at the base of the Chytridiomycota or Zygomycoata (data not shown). Chytridiomycota are widely reported to be parasites of diatoms in freshwater systems (Canter and Lund, 1953; Rasconi et al., 2012) leading to the speculation that they fungi here played a similar ecological role, and were associated with the decline of the spring diatom bloom.
While spring diatoms and Phaeocystis contributed to the separation of April and October as expected, much of the difference between the 2 months was attributed to phylogenetically diverse marine stramenopiles and putatively parasitic alveolates. These groups are 'invisible' using FCM protocols based on chlorophyll fluorescence and so have likely been underestimated. Interestingly, we recovered more species level taxa of microbial eukaryotes in October compared with April. In addition, while the total proportion of sequences from heterotrophs was similar between the 2 months (65% in April and 58% in October), there were marked differences in the relative abundance of different clades. Among heterotrophic stramenopiles were representatives of four MAST clades. The majority of MAST-4 and MAST-3 sequences were recovered in October, while MAST-7 and MAST-1 were relatively rare in October compared with April. In April, MAST-1 included three previously described subclades (1a, 1b and 1c) (Massana et al., 2006) and were in all the libraries (Fig. 4) . Fluorescence in situ hybridization data from elsewhere suggests that MAST-1 includes both pico-and nano-plankton (Thaler and Lovejoy in press; Logares et al., 2012) , while MAST-7 is mostly in the picoplankton range and grazes on small bacteria (Logares et al., 2012) . MAST-4 is widely distributed and found in non-polar oceans (Massana et al., 2006) . Here, MAST-4 were absent from the colder April waters and recovered in October along with other warmer water species. Temperature influences distribution patterns of MAST-4 (Martinez et al., 2013) and it is also reported to graze on Synechococcus (Lin et al., 2012) , consistent with MAST-4 cooccurrence with Synechococcus in October. Sequences belonging to the MAST-3 clade were recovered in both seasons; however, these fell into April or October subgroups (Fig. 3) . Phylogenetically different species level clades of MAST-3 were reported earlier (Logares et al., 2012) and the different strains may be exploiting different ecological niches. MAST-3 is reported to be globally the most abundant of the MAST clades (Logares et al., 2012) , and although it has been suggested that MAST-3 may be diatom epibionts or even parasites (Gomez et al., 2011) , their occurrence in October when diatoms were absent indicates that the group is likely functionally diverse and not limited to co-occurrence with diatoms.
Although, in principle, our libraries would consist of only cells ,3 mm in one dimension and able to pass through a 3 mm filter (Vaulot et al., 2008; Seenivasan et al., 2013) , ciliates and dinoflagellates were especially common in October (Fig. 3) . These groups are often reported from ,3 mm surveys despite the pre-filtration step that should exclude them by size. Their presence in the small fraction could be due to several factors including fragile cells breaking-up on filtration (Terrado et al., 2011) and DNA persisting in the environment (Josephson et al., 1993) . Another substantial group of sequences that were recovered especially in October belonged to uncultivated putatively parasitic alveolates (MALV) (Siano et al., 2011) , which can infect many larger cells (Brate et al., 2012; Siano et al., 2011) . Parasites could reroute fixed carbon away from zooplankton grazers and disrupt resource competition between species by preferentially infecting the most actively growing species (Guillou et al., 2008) . In which case, sequences belonging to dinoflagellates, ciliates and Polycystinea could be from live (infectable), recently dead cells (killed by the parasite) or persistent DNA. Several groups of MALV have small picosize zoospores and appear to be ubiquitous members of the marine picoeukaryote communities (Guillou et al, 2008) .
Environmental influences
In April, distribution of taxa followed an onshore-offshore pattern, while in October, there was an additional vertical influence, where the SCM offshore communities differed from the surface communities (Fig. 8) . Size-fractionated Chl a and FCM data indicated that picoeukaryotes were a non-negligible component of the photosynthetic communities in April and were also abundant in October, even when nutrients were depleted and Synechococcus concentrations were high. Previous FCM studies highlighted the occurrence and likely ecological importance of what were termed eukaryotic ultraphytoplankton ( 5 mm) , but the taxonomic identity of these small cells was not known. Dauchez et al. (Dauchez et al., 1996) described how ultraphytoplankton communities contributed to new production (nitrate over nitrate þ ammonium uptake or f ratio) on the SS throughout the year. Clearly, the smaller microbial eukaryotes would have contributed to this uptake, since nitrate transporters are found in, for example, Micromonas and Bathycoccus (Worden et al., 2009; Moreau et al., 2012) . While nitrate concentrations were depleted in October surface waters, concentrations were high in the SCM offshore stations. Picophytoplankton in these deeper samples would have an advantage under lower irradiance levels compared with larger cells (Raven, 1998) .
The two sampling dates were selected based on known phenology of larger phytoplankton species succession (Greenan et al., 2008; Song et al., 2011) typical of the temperate North Atlantic (Joint et al., 1993; Longhurst, 1995) . In this study, using molecular markers, we were able to identify an underlying mostly flagellate community with some taxa more characteristic of the April spring bloom and others more characteristic of October low nutrient warm water conditions. Other taxa appear to have broader temporal distributions, at least at the level of 18S rRNA gene phylogeny. Among these were species that are considered true picophytoplankton such as Micromonas, Bathycoccus, Florenciella, Aureococcus and mostly uncultivated picoheterotrophic eukaryotes such as Picozoa and MAST-3.
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